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ABSTRACT

In contrast to the Loop Current and rings, much less is known about deep eddies (deeper than 1000 m)
of the Gulf of Mexico. In this paper, results from a high-resolution numerical model of the Gulf are analyzed
to explain their origin and how they excite topographic Rossby waves (TRWs) that disperse energy to the
northern slopes of the Gulf. It is shown that north of Campeche Bank is a fertile ground for the growth of
deep cyclones by baroclinic instability of the Loop Current. The cyclones have horizontal (vertical) scales
of about 100 km (1000~2000 m) and swirl speeds ~0.3 ms~!. The subsequent development of these
cyclones consists of two modes, A and B. Mode-A cyclones evolve into the relatively well-known frontal
eddies that propagate around the Loop Current. Mode-A cyclone can amplify off the west Florida slope and
cause the Loop Current to develop a “neck” that sometimes leads to shedding of a ring; this process is
shown to be the Loop Current’s dominant mode of upper-to-deep variability. Mode-B cyclones are “shed”
and propagate west-northwestward at speeds of about 2-6 km day ™!, often in concert with an expanding
loop or a migrating ring. TRWs are produced through wave-eddy coupling originating primarily from the
cyclone birthplace as well as from the mode-B cyclones, and second, but for longer periods of 20~30 days
only, also from the mode-A frontal eddies. The waves are “channeled” onto the northern slope by a deep
ridge located over the lower slope. For very short periods (<10 days), the forcing is a short distance to the
south, which suggests that the TRWs are locally forced by features that have intruded upslope and that most
likely have accompanied the Loop Current or a ring.
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1. Introduction

The Loop Current and warm-core rings, which epi-
sodically separate from the Loop Current, are powerful
features that dominate the upper (surface to depths of
500~1000 m) circulation in the Gulf of Mexico. A re-
cent book (edited by Sturges and Lugo-Fernandez
2005) provides a glimpse of the vast knowledge that has
accumulated in the past decades. The Loop Current
and rings are well studied because they are so promi-
nently important, of course; they are also very obvious
manifestations of the system, being more readily ob-
servable, especially in recent decades thanks to satellite
data. The Loop Current and rings affect, either directly
or indirectly through their smaller-scale subsidiaries,
just about every aspect of oceanography in the Gulf of
Mexico. One such aspect concerns deep eddies that are
much less accessible, hence less known and understood.
In recent years, deep eddies and circulations in general
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have received increased attention, in part because of
practical needs spurred by oil and gas activities in
deeper waters of the gulf. Indeed, the abundance of
deep eddies, cyclones in particular, has been recently
noted in observations (A. Lugo-Fernandez, 2007, per-
sonal communication). Here, by “deep” I mean 1000 m
and deeper. At these depths, the gulf is virtually closed
except for the deep, narrow opening at the Yucatan
Channel. The Loop Current and rings are therefore the
major source of energy for deep eddies, which are gen-
erated and dissipated within the Gulf. They provide
mixing below the thermocline and may play a crucial
role in the overall energy balance, which in turn may
affect the Loop Current and its behaviors, including the
separation of rings.

As will be seen, deep eddies are generally vertically
coherent (cf. Welsh and Inoue 2000), with scales of
1000~2000 m: from approximately 1000 m below the
surface to the bottom (above the bottom boundary
layer); therefore, they tend to be effective in producing
cross-isobath motions, hence possibly also topographic
Rossby waves (TRWs). Pioneering deep observations
consist of hydrographic measurements, primarily by
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FIG. 1. A locator map of the study region. The whole domain shown is the parent model
domain. Time-independent inflow and outflow that account for the large-scale transports
(Svedrup + thermohaline) are specified across the open boundary at 55°W as a function of
latitude. Contours show isobaths in m. Dashed lines enclose the nested double-resolution Gulf

of Mexico domain.

oceanographers from Texas A&M University in the
1950s and 1960s (see summaries in the book edited by
Capurro and Reid 1972). The first published report of
direct current observations in the deep gulf appears to
be Hamilton (1990),! who found that subinertial deep
currents over the lower continental slope (depths
~3000 m) were dominated by motions having the char-
acteristics of TRWs with periods =100 days and
trapped over depths ~1000 m from the bottom. Given
the bowl-shape topography of the Gulf of Mexico, the
dominance of TRWs in deep layers of the gulf is, in
retrospect, not surprising. More recently, Hamilton and
Lugo-Fernandez (2001) and Hamilton (2007) observed
energetic deep currents at the Sigsbee Escarpment
(hereafter termed only Sigsbee; marked by a cross in
Fig. 1)—a steep undersea cliff with vertical drops of
approximately 500 m (10 km) ! near the 2000-m iso-
bath in the north-central Gulf of Mexico (Fig. 1); the
escarpment separates gentler topographies north and
south. The deep currents again have the characteristics

I Maul et al.’s (1985) observations were earlier, but were made
in the deep layers of the Yucatan Channel.

of TRWs, but with shorter periods of 5-30 days. The
authors found that the energy decreases rapidly, within
O(10 km), northward across the escarpment. In addi-
tion to the possibility of localized (direct) forcing, due
to, say, the Loop Current or a powerful ring over the
continental slope, TRW energy propagation triggered
remotely by mesoscale variability, also from the Loop
Current or rings, has been proposed as a viable genera-
tion mechanism (e.g., Oey and Lee 2002; hereafter
OL02; Hamilton, 2007). However, the ideas have never
been fully elucidated. In this paper, we attempt to ex-
plain the origin and nature of the remote forcing by way
of numerical modeling and analyses. It will become ob-
vious that deep eddies play an important role in forcing
the TRWs.

Oey and Lee (2002) also analyzed TRWs in the Gulf
by means of numerical modeling and ray tracing. How-
ever, they focused on TRW periods >30 days and
showed significant deep energy in the vicinity of the
3000-m isobath in the central gulf, but not to the north
near the escarpment at the 2000-m isobath; their con-
clusions are not inconsistent with Hamilton’s (2007)
findings. Oey and Lee (2002) also suggested a higher
grid resolution to resolve the step topography of the
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escarpment. In this work, the resolution of Oey and
Lee’s model is doubled. By using a model to infer cir-
culation physics, we implicitly presume that the model,
while it is never perfect, can at least capture some fea-
tures of the Loop Current dynamics including the shed-
ding of rings. Oey et al. (2005a) review Gulf of Mexico
models that are presently in use. Most of these, includ-
ing ours, appear to be quite capable of reproducing
some gross features of the Loop Current and rings, such
as the transports, maximum speeds, and eddy-shedding
rates.

Section 2 describes the model, section 3 contains the
main results, and section 4 summarizes the paper.

2. The model

The Princeton Regional Ocean Forecast System
(PROFS) model, used here (see http://www.aos.
princeton.edu/WWWPUBLIC/PROFS/ for publica-
tions pertaining to the testing, process studies, skill as-
sessment, and other appications of PROFS), is based on
the Princeton Ocean Model (POM; see Mellor 2004).
The model results have been compared with observa-
tions including in situ and shipboard ADCP data
(Wang et al. 2003; Oey et al. 2005a,b; Lin et al. 2007,
Yin and Oey 2007), drifters and satellite data (Fan et al.
2004; Lin et al. 2007; Yin and Oey 2007), flows in the
Yucatan Channel (Ezer et al. 2003; Oey et al. 2004,
2005a), and National Data Buoy Center (NDBC) data
(Oey et al. 2006, 2007). Here, only those model features
pertinent to the present study are described. The model
consists of a parent model and a nested model as shown
in Fig. 1. The parent model has the same domain, reso-
lution, and forcing as those described in our previous
works (e.g., Oey et al. 2003). Thus, the parent model’s
horizontal grid size is approximately 10 km in the Loop
Current and northwestern Caribbean Sea and about 5
km in the northeastern Gulf of Mexico. There are 25
terrain-following (the so-called sigma coordinate) lev-
els. At water depths of about 2500 m, the vertical grid
sizes are about 10 m near the surface and bottom but
coarser, around 210 m, for midwater depth. The mid-
depth grid size of 210 m, while not ideal, should be
adequate to resolve deep coherent scales O(1000 m).
Open boundary conditions at 55°W are specified as in
Oey and Chen (1992a). The nested model will be used
in all of the analyses presented here; it has a domain
focusing on the Gulf of Mexico, a portion of the north-
western Caribbean Sea, and the U.S southeastern shelf
and slope; its outer boundary coincides with a parent
model’s grid line specified by the user, as indicated in
Fig. 1. The horizontal grid sizes are exactly half of those
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used for the parent grid; thus, four fine grid cells are
exactly contained within one parent grid cell, and Ax
and Ay are ~5 km in the Loop Current and 2~3 km
near the Sigsbee Escarpment. The same vertical reso-
lution and physics are used as in the parent grid. The
nesting technique is flux conserving (Oey and Chen
1992b) except that in the present case one-way nesting
is employed: the nested domain receives boundary in-
formation from the parent model, but there is no feed-
back from the fine grid to the parent grid. This same
one-way nested-grid model was used in Oey and Lee
(2002) to simulate the generation of long-period TRWs
(~60 days) as the Loop Current vacillates across the
3000-m isobath. Oey and Zhang (2004) also used the
same model to suggest that subsurface jets in the north-
ern gulf, which have been observed, are produced by
the interaction of the Loop Current or rings with the
continental slope.

The parent grid was initialized from a previous 16-yr
run with climatological forcing (experiment B of Oey et
al. 2003) and continued for another 11 years, which in
the model outputs are dated from 1992 through 2002
(the dates are for convenience only and otherwise have
no significance).? The nested grid was run for the same
period. Most of the statistics presented herein are based
on the 1993-2002 results (10 yr); shorter 3-yr periods,
1993-95, are then used to explain specific ideas. The
10-yr data are adequate to study deep processes (eddies
and TRWs) with time scales of around 200 days and
shorter.

3. Results

I first use empirical orthogonal function (EOF)
analyses to connect deep circulation with Loop Current
variability, including ring shedding. Propagating deep
cyclones are shown next; their connections with and
effects on the regional current variability are inter-
preted using complex EOFs. Topographic Rossby wave
energy paths or rays are then computed to help estab-
lish the link between deep cyclones and energy over the
upper slope near the Sigsbee Escarpment. Idealized
model theory is then used to describe how propagating
deep cyclones excite TRWs. Finally, current energetics
are analyzed, which indicate the dominance of baro-
clinic instability as the cause for deep cyclogenesis
north of Campeche Bank.

2 The model uses dates to keep track of time; dates are also
used for ongoing comparison with various other, more compli-
cated model experiments that have winds and data assimilations.
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a. Surface and deep variability

Major features of the modeled circulation in the up-
per layers (surface to depths 500~1000 m), including
the Loop Current’s south-north vacillations, ring shed-
ding, and propagation of rings, are similar to those re-
ported in previous works (e.g., Oey et al. 2003) and are
not repeated here. At z = —900 m, observational analy-
sis of the (profiling) autonomous Lagrangian circula-
tion explorer (PALACE) floats suggests a cyclonic gyre
west of approximately 90°W (Weatherly et al. 2005; see
also the review in Oey et al. 2005a). This large-scale
“mean” circulation exists also in the 10-yr-averaged
currents of the present model (cf. OL02). On the other
hand, deep motions (below z =~ —1000 m) with scales of
150 km and less at the high resolution simulated here
have not been previously discussed. We first examine
how surface and deep variability are related; this is a
topic of interest since the deep circulation drives
TRWs.

Spatial patterns are inferred using EOF analyses on
the relative vorticity stretching term PV, = s(dp/9z)/p,
at z = —250 m (near the surface) and in the deep level
at z = —1550 m (Fig. 2).> The PV, is the dominant
varying term of the Ertel potential vorticity and is a
useful indicator of deep eddies (cf. Candela et al. 2002;
Oey 2004). Owing to the huge amount of data involved,
the EOF is computed only in the northeastern Gulf,
and the PV, is subsampled from smoothed 5-day run-
ning averages. The 5-day averaging also reduces noise,
especially in deep layers. The analysis is for 10 years, of
which a 3-yr time series is shown in Figs. 2a,b. North et
al.’s (1982) estimates for EOF degeneracy were com-
puted, indicating good modal separation for surface
modes 1 and 2, but only barely so for the deep modes.
Figure 2b shows that the surface modes 1 and 2 are in
quadrature. Together they contain 50% of the total
variance. Figures 2b—d indicate that they represent
east-west and south-north expansion and retraction of
the Loop Current, as well as shedding and westward
propagation of rings, time scales being 6~12 months
(Fig. 2b) (cf. Oey 1996; Oey et al. 2003). These features
(Loop Current’s expansion and retraction and shedding
of rings) are readily verified by reconstructing PV,
maps using only modes 1 and 2, as well as by a complex
EOF analysis (Horel 1984; Merrifield and Guza 1990),
which yields the phase propagation (both not shown).
Higher surface modes (3; not shown) represent smaller-

3 The subscript 2 in PV, follows the notation used in Oey
(2004), in which PV, was used for contribution from the planetary
vorticity f.
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scale features with shorter time scales of 2~3 months;
these higher modes are not relevant for the present
discussion.

DEEP TRIPOLE, LOOP CURRENT RETRACTION, AND
EDDY SHEDDING

The first two deep modes account for only 34% of
the total variance. This suggests nonnegligible contri-
butions from higher modes, as we will see with the
complex EOF analysis. Nonetheless, understanding the
two leading modes is sufficient for the purpose of re-
lating the upper- and deep-layer variability in the Loop
Current. Figure 2e shows that the deep EOF mode-1
eigenvector (at z = —1550 m) has a tripolar structure
(negative, positive, and negative) along a southwest—
northeast line from Campeche Bank to the west Florida
slope.* Southward along the west Florida slope, a
weaker positive pole can also be seen. A tripole is also
seen in the deep mode-2 eigenvector (Fig. 2f), but along
the west Florida slope the paired “negative—positive
pole” of mode 1 switches signs in mode 2. The sign
switch makes the line joining the tripole in mode 2
more west—east oriented rather than northeast, and
there is a more extensive center “positive pole,” which
would reflect the variability under the Loop Current
(see below), as well as a negative band around the
northern edge of this center pole. The similarities of
these deep tripole structures in modes 1 and 2 in the
vicinity of the Loop Current suggest that both modes
contribute to deep variability under the Loop Current
since they would then vary approximately in concert.
We see from Fig. 2a that deep mode-1 EOF (at z =
—1550 m) is correlated with and leads the surface
mode-1 EOF (C = 0.7 at 35 days, where C is a cross-
correlation coefficient). Moreover, though not shown
here, deep modes 1 and 2 are approximately in phase
(mode 1 leads mode 2 by about 10 days); the time series
of the sum of deep modes 1 and 2 is therefore also
significantly correlated with and leads the surface
mode-1 EOF (C = 0.73 at 20 days). One can better
understand how the deep tripole relates to the surface
circulation through an example of a ring-shedding
event (Fig. 3), with maps reconstructed from the sum of
deep modes 1 and 2, referred to as DM, ,, (Fig. 4). In
Fig. 3, Eulerian trajectories at z = —1550 m are colored
with the local s/f and the panels are sequenced at a

“ In the vicinity of the Loop Current, there is also a small nega-
tive pole just shoreward of the 3000-m isobath at 87°W, 26.5°N.
This pole is a manifestation of frontal eddies that develop around
the northern edge of the Loop Current.
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F1G. 2. EOF modes 1 and 2 of the relative vorticity stretching term PV, = g(dp/dz)/p, at (a)-(d) z = —250 m and
at (e), (f) z = —1550 m. (a), (b) Time series from 1993 to 1995, and (c), (d) the corresponding eigenvectors (shaded
is negative). In (a), time series of mode-1 EOF at z = —1550 m is also shown (light line), and in (b), the mode-1
time series at z = —250 m [from (a)] is superimposed on mode 2 (light line) to show that modes 1 and 2 are in
quadrature (1 leads 2). (e), (f) Modes 1 and 2 eigenvectors at z = —1550 m. (c)—(f) Dashed lines indicate the 200-,

2000-, 3000-, and 3500-m isobaths.

10-day interval; contours of sea surface height (SSH)
are also superimposed to indicate the position of the
Loop Current and rings. In Fig. 3a, the Loop Current is
in an extended state. Figures 3b,c show that a cyclone at
the northeastern edge of the Loop Current propagates
southward along the west Florida slope, amplifies (Figs.
3d,e; cf. observations by Fratantoni et al. 1998), and
then cleaves the Loop Current, which then develops a
“necking” (a term used by Schmitz 2005; Fig. 3f); the
amplified cyclone appears to have caused a ring to de-
tach from the Loop Current (Figs. 3g,h; see the cyclone
near 25°N, 85.5°W). The Loop Current then reforms,
and a deep anticyclone forms near where the cyclone
previously was (Figs. 3i-1).

Figure 4 illustrates how deep modes 1 and 2 account

for the dominant signal of the above scenario. Figures
4a—d show the tripole formation, which is most notice-
able by the intense negative pole off west Florida. The
subsequent southwestward penetration of the cyclone
and Loop Current cleaving (e.g., Figs. 3e-h) is seen as
a reversal in the sign of the tripole: negative at the
center and positive on both sides (Figs. 4e-h). In Figs.
4i-1, the tripole begins to lose its signature as the center
pole changes sign (again) and mode 2 dominates (be-
cause the mode-1 temporal EOF is ~0); this is when the
Loop Current reforms and the deep anticyclone ap-
pears surrounded by deep frontal cyclones (Figs. 3k,l),
which can be seen in deep mode 2 (Fig. 2f). In Figs. 4i-1,
as the ring moves westward, a comparison with Fig. 2f
shows that the response is mostly contributed by mode
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F1G. 3. Maps of deep flows (z = —1550 m) indicated by 30-day Eulerian trajectories x = x,, + fu dt, where x and
u are position and velocity vectors, respectively; the integration is over 30 days. The trajectories are launched from
every eighth grid point. Colors indicate the local values of the relative vorticity s/f (blue is cyclonic and red
anticyclonic). Thick contours are the SSH (0, 0.25, and 0.5 m). Maps are shown every 10 days for a total of 120 days,
during which a ring is shed. Gray contours are isobaths (200, 2000, 3000, and 3500 m), and the red plus sign

identifies the Sigsbee location.

2, especially in the western and northern regions of the
domain shown.

The above behavior of DM,,, and its connection
with the Loop Current are robust. The generality of the
results is seen in the temporal EOFs (e.g., Figs. 2a,b),
which indicates near-periodic oscillations with period
~10 months. In terms of the surface EOFs (z = —250
m), the Loop Current necking is represented by the
(positive) peaks in the temporal mode-1 EOF (dark
line in Fig. 2a) combined with the negative spatial mode
1 over the Loop Current in Fig. 2¢ (the result is a
PV, < 0 cyclone; the example shown in Fig. 3e,f cor-
responds to the first peak). Since deep (z = —1550 m)

EOFs lead the surface, the surface peaks are preceded
by deep peaks (Fig. 2a) that correspond to the strength-
ening of the deep tripole, the west Florida pole (PV, <
0, cyclone in Fig. 2e) in particular; also, as the deep
EOFs switch sign to become negative, the cyclone pen-
etrates under the Loop Current (PV, < 0; Figs. 2a,e).
Subsequent Loop Current reformation (Figs. 3j-1, 4j-1)
near the Yucatan Channel (PV, > 0, anticyclone) is
relatively rapid (weeks) as the surface temporal mode 1
passes through zero to become negative, but the deep
EOFs yet again switch sign to positive (Fig. 2a). The
necking-down process sometimes leads to ring shed-
ding, but not always. That the deep modes (1 and 2)
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F1G. 4. Maps of reconstructed EOF modes 1 and 2 at z = —1550 m of the relative vorticity stretching term
'V, = s(dp/dz)/p.

lead the corresponding surface modes, as mentioned
above, and the time scale is 30~40 days for the deep
tripole to change sign when necking occurs (Figs. 2a
and 4c-f) strongly suggests a process dominated by
baroclinic instability; this is not a new finding (e.g.,
Hurlburt and Thompson 1980). What is new is our
demonstration that, in the model, the process is a dom-
inant mode of eddy variability in the eastern gulf that
links both surface and deep circulations and that the
amplification of propagating frontal eddies along the
west Florida slope plays an important role in the pro-
cess. This link was suggested by Schmitz (2005) based
on satellite images. However, in the model, the neck-

ing-down process is initiated primarily by the west
Florida pole.

The Campeche Bank pole of the above tripole is a
response similar to what Schmitz (2005) referred to as
the Campeche Bank “Cyclonic Eddy,” and the west
Florida pole is his West Florida Cyclonic Eddy.
Schmitz’s descriptions are primarily based on objective
analyses of satellite SSH anomalies and sea surface
temperature; he focuses on the necking-down scenario
and its connection with the shedding of rings as well as
on the propagation of frontal eddies around the Loop
Current. In this regard, the model analysis supports his
inferences. However, as will be shown, the model’s



JuLy 2008

(A) EI&Trj+Vor/f{@z=-1550m 94/10/22
s

OEY

1433

(B) 94/11/21
B

-020 (012

gorm73.9411 205

(C) 94/12/21

A
| | T[Ty
-020 (O 4 2=

217

gomx73.9501

Fi1G. 5. Monthly examples of deep cyclones, labeled A and B, being forced westward by an
expanding Loop Current. Trajectories at z = —1550 m are plotted as in Fig. 3, and swirl speeds
(ms™') at some representative positions marked by an asterisk are printed. Black contours are
SSH = 0.1, 0.3, and 0.5 m. In addition to eddies A and B, other cyclones are also identified in gray
letters (see text). Gray contours are isobaths (200, 2000, 3000, and 3500 m), and the red plus sign

identifies the Sigsbee location.

Campeche Bank pole is dominantly related to the de-
velopment of deep cyclones, which are most effective in
generating TRWs.

b. Propagating deep cyclones and their
consequences

Before examining coherent patterns from complex
EOFs for the 10-yr model results, a phenomenological
description of deep eddies is first given, using Figs. 3
and 5 as examples, to indicate the eddy types, scales,
and intensities. Figure 3 shows deep eddies with scales
from about 50 to 150 km. Apart from the larger deep
cyclone that develops under the Loop Current, which
is tending to pinch off, smaller eddies (dominated
by cyclones) are ubiquitous and are prevalent through
the 10-yr simulation (e.g., http://aos.princeton.edu/
WWWPUBLIC/PROFS/animations.html). Cyclones

appear as Loop Current frontal eddies (e.g., Fratantoni
et al. 1998) that are more confined to the upper layer
(0~1500 m) or as deep columnar features that are ver-
tically coherent from approximately 1000 m below the
surface to the top of the bottom boundary layer (not
shown here, but see the aforementioned Web site or
OL02’s vector stick plots, their Fig. 14). Long-term cur-
rents collected at (25.5°N, 87°W; water depth ~3300 m)
show good vector correlation from 1200 m below the
surface to 150 m above the bottom (M. Inoue, 2006,
personal communication). Welsh and Inoue (2000) re-
ported deep eddies through the narrow opening (seen
in the converging 3000-m isobaths around 88°W) that
connects the deep eastern and western basins of the
Gulf. In the present analysis, migrating deep eddies are
seen in the maps for deep modes 1 and 2; in particular,
Figs. 4i-1 show coherent features westward from north
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of the Campeche Bank; these features are forced by the
westward-migrating ring (Figs. 3i-1). Deep eddies can
also be forced to propagate westward by an expanding
Loop Current; an example is given in Fig. 5. Cyclones A
and B both originate north of Campeche Bank and
move westward ahead of the northwestward-extending
Loop Current; the cyclone swirl speeds are 0.2~0.3
ms~! (selected speeds are printed in Fig. 5). The
weaker cyclone “B1” actually was split off from eddy
“B” at an earlier time, while eddy “C” was spun off
from the small surface warm ring located over the slope
(Fig. 5a). As the Loop Current extends over the slope
near Sigsbee (marked by a red plus sign), a small cy-
clone “S” is produced (Figs. 5b—d; cf. Oey and Zhang
2004). These (and other) deep eddies move in a com-
plicated fashion because of nonlinear vortex interac-
tions, though the net propagation is westward. Despite
their complicated movements, Fig. 5 shows that some of
these cyclones are surprisingly resilient: they can persist
for months. Cyclones can also spontaneously grow (in a
few days); a good location for cyclogenesis is north of
the Campeche Bank. In Figs. 5c.d, for example, cyclone
“D” can be seen to develop.

1) CompLEX EOF

Complex EOF (CEOF) is used to analyze deep eddy
patterns that can involve propagation. Apart from di-
rectly forced modes (e.g., Fig. 5), propagating features
that are not in unison with either the Loop Current or
rings are also of interest. In CEOF (Horel 1984; Mer-
rifield and Guza 1990), we construct the covariance ma-
trix from complex time series (for each grid point) that
are a sum of the original series plus an imaginary part
that is the Hilbert transform of the original series. The
resulting CEOF has, for each CEOF mode n, complex
temporal expansion A, (f) and eigenvector B,,(x) (x the
position vector), which therefore have amplitudes as
well as phases: |4, | and ¢,, as functions of time ¢ and
IB,,| and 6,, as functions of x. Plots of ¢,, and 6, provide
propagation information; in fact, for each CEOF mode,
the phase velocity is

¢, = (do,/d/(V6,). oY)

We apply CEOF to PV, = s(dp/dz)/p,. To focus on
patterns west of the Loop Current, we reduce the in-
fluences of the west Florida pole (discussed above) by
choosing a smaller domain west of 86°W (instead of
west of 84°W used in Fig. 2).°> The resulting surface

5 This precautionary step, however, turns out to be unnecessary,
and the results for regions to the west of the Loop Current are
very similar to those obtained below if the west Florida pole is
also included.
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CEOF modes do not provide any additional insight
than what was previously discussed in conjunction with
Fig. 2; thus, we focus on only the deep CEOF modes at
z = —1550 m. The CEOF analysis was conducted for
the entire 10 years. For clarity in showing short periods
(months) in the temporal modal structures, 3-yr time
series are displayed in Fig. 6 (as in Figs. 2a,b); these are
typical of the rest of the time series (not shown). Figure
6 shows the temporal amplitude |A4,l, phase ¢,, and
spectra of Re(A,) = |A,| cosd,® for the three leading
CEOF modes 1, 2, and 3, and Fig. 7 gives the corre-
sponding spatial (i.e., from the 10-yr analysis) ampli-
tudes 1B, (normalized), phases 0,, and reconstructed
maps represented by |B,| (cosf, + sin6,). The corre-
sponding long-time (10 yr) mean SSH contours (0.15
and 0.35 m) are also plotted in Fig. 7 to indicate the
mean position of the Loop Current in relation to the
modal structures. A few explanations on the CEOFs
are warranted. First, the percentile variances of the
three CEOF modes (20:16:12; printed in the figures)
and the separation of their eigenvalues are relatively
small. Deep eddies are highly chaotic, and understand-
ing patterns of variability (e.g., using EOFs), as dis-
cussed below, should preferably be guided by plausible
physical reasoning as well as by evidence derived from
other independent methods (described below). Second,
the time-varying portion of each CEOF mode is repre-
sented by a combination of both the modal amplitudes
and phases, not by each one individually; we therefore
plot the spectra of Re(A,,) in Fig. 6. Third, the temporal
phases (Fig. 6, middle) are in general increasing CEOF
mode 1 more uniformly (slope ~ 27/200 days) than the
other two modes. Moreover, mode 1 has a strong,
nearly periodic 200-day component related to the ex-
pansion and retraction of the Loop Current, including
ring shedding (see Fig. 2); this component is therefore
removed when plotting mode-1 spectra in Fig. 6 so that
the variance at shorter periods may be compared with
the other two modes. Fourth, because of the generally
increasing temporal phases (Fig. 6, middle), the direc-
tion of phase propagation (at an x location) is generally
in the direction of increasing (spatial) phase, as sche-
matically shown by the vectors in Fig. 7 (middle). Fi-
nally, the reconstructed spatial structures (Fig. 7, right)
are only representative, as equal weights are given to
cosf, and sin6,. Unlike the amplitude maps, which are
wholly positive (Fig. 7, left), the reconstructed maps do
give some idea of the relative positions of eddies for

6 Actual fluctuations at any x contain other terms and multiples,
but spectral level and distribution are well-represented by |A,)|

coso,,.
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Fi1G. 6. (left) Time series of amplitudes and (middle) phases of CEOF (top to bottom) modes 1, 2, and 3, and
(right column; note change of scale for mode 1) their respective spectra.

each mode; they should, however, be interpreted in
conjunction with the amplitude maps.

2) INTERPRETING THE CEOF MODES

The CEOF mode 1 has a pair of poles near 25.5°N,
88°W (Figs. 7a,c) consisting of two oppositely signed
eddies on either side of the Loop Current’s mean outer
edge, taken to be SSH = 0.15 m (cf. Leben 2005, who
used 0.17 m as the outer edge). The larger southern
pole, which is negative or cyclonic, is located north of
Campeche Bank and is also seen in modes 2 and 3,
though varying in position and size; it is caused by fre-
quent amplification of (small-scale perturbations into)

deep cyclones exemplified by cyclones “A,” “B,” and
“D” of Fig. 5, described previously [hereafter, these
eddies will be called the North Campeche Bank Cy-
clones (NCBCs)]. As will become clear, baroclinic in-
stability is responsible for the amplification of the
NCBCs into deep cyclones. The amplification is
brought about as the Loop Current flows over the
Campeche Bank into the deeper gulf. However, apart
from this common cause, the three modal patterns rep-
resent different physical processes. For CEOF mode 1,
the positive (northern) pole of the paired pole is, in
fact, near where OL02 previously identified a “trigger
point” of westward-propagating long-period TRWs
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F1G. 7. (left) Maps of spatial amplitudes and (middle) phases of CEOF (top to bottom) modes 1, 2, and 3, and
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(right; see text) their reconstructions. (a)—(i) The Sigsbee location is marked with a plus sign, and on (i), the two
other locations where energy spectra are shown in Fig. 8 are also marked. Thick gray lines show the 0.15- and
0.35-m contours of the 10-yr model mean SSH, indicative of the mean position of the Loop Current. Thin contours
show isobaths: 200, 2000, 3000, and 3500 m. Dark arrows indicate TRW ray sites, and white arrows indicate sites

of deep eddies, discussed in the text.

(60~100 days) along the 3000-m isobath (it is the origin
of OL02’s ray 2; see their Figs. 11, 13).” OL02 show that
these waves tend to converge around 90°W (on the
3000-m isobath; see OL02’s Fig. 11a), a location that
agrees well with the location of the third (westernmost)
dominant pole of CEOF mode 1, seen in Fig. 7a. The
existence of these long-period TRWs in the present
simulation is readily verified by repeating the OL02

7The waves are a mix of topographic and planetary Rossby
waves; the ratio of topographic to planetary beta, fIVAl/(hpB), is
about 5 (see OL02’s Fig. 11b).

analysis (results are not shown here). Suffice to say
that, in addition to the 60~100-day waves, longer peri-
ods (about 140 days) are also found (see spectra in Fig.
6c; note that the spectra show very weak variances for
periods shorter than 80~100 days). The waves are also
confirmed by the offshore-directed phase propagation
(dark arrows in Fig. 7, middle), which therefore indi-
cates energy propagation at approximately 7/2 clock-
wise, or generally westward in the direction of the iso-
bath (see, e.g., OL02). Moreover, the Loop Current’s
presence in CEOF mode 1 (in addition to the nearly
constant temporal phase noted previously, Fig. 6b) is
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also seen in Figs. 7a,c as a relatively large spatial am-
plitude region under the Loop Current (but weaker
than the other three CEOF-model poles mentioned
above). These and the OLO02 results strongly suggest
that the three coherent poles of CEOF mode 1 repre-
sent responses of long-period TRWs triggered by oscil-
latory movements of the Loop Current (including ring
shedding); the western edge of the Loop Current,
around 25.5°N, 88°W in the model, appears to be a site
where triggering occurs. To the best of my knowledge,
this is the first time that the link among the Loop Cur-
rent, deep eddies, and TRWs has been identified,
though OL02 did describe one example of the phenom-
enon (see their Fig. 18). Note that in Figs. 7a,c (also in
the corresponding amplitude maps for CEOF modes 2
and 3, Figs. 7d,f,g,i), there is only a weak coherent pat-
tern that relates TRWs west of 88°W with eastward-
propagating frontal eddies around the northern edge of
the Loop Current (white dotted arrows in Fig. 7b);
these east-northeastward propagating frontal eddies
will be referred to as mode-A eddies or cyclones; they
are also evident from the EOF mode 2 discussed pre-
viously (Fig. 2f). Oey and Lee (2002) suggested that the
mechanism for the generation of these TRWs is similar
to that invoked by Pickart (1995) for TRWs produced
by Gulf Stream meanders off Cape Hatteras. Although
the existence of the OLO02 trigger point, mentioned
above, is now confirmed, the authors appear to have
overstated the role of the mechanism in the case of
Loop Current frontal eddies. But, why is it that, near
the location of the northern pole of the aforementioned
paired pole (i.e., near OL02’s trigger point), northwest-
ward-propagating perturbations along the inflowing
Loop Current can trigger energetic TRWs? This ques-
tion will be addressed later.

Of the three CEOF modes, and for periods shorter
than approximately 150 days, CEOF mode 2 contains
the largest variance (Fig. 6f). The spatial amplitude
map (Fig. 7d) again shows large values north of
Campeche Bank. As with CEOF mode 1, the mode-2
temporal phase (Fig. 6e) generally increases but it also
shows more frequent reversals, suggesting stalled ed-
dies. Thus, together with spatial phase and recon-
structed maps (Figs. 7e,f), CEOF mode 2 represents
deep eddies that propagate west-northwestward, often
synchronously with the expanding Loop Current and
rings (e.g., Fig. 5), and the phase reversals represent
forcing by the Loop Current variability (e.g., retrac-
tions) and also by rings that can stall within the analysis
region. The relatively large spectral variance around
150 days, in Fig. 6f, indicates the influence of the Loop
Current and rings. Figure 6f also shows peaks at periods
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around 80 and 30 days, suggestive of TRWs, which are
indicated along approximately the 3000-m isobath by
the corresponding spatial maps (Figs. 7e,f).

The CEOF mode 3 (Figs. 7g—i) is conspicuously char-
acterized by its significant spatial amplitude (Fig. 7g)
that spans almost the entire width of the continental
rise, bounded by the 3000 (north) and 3500-m (south)
isobaths, and zonally over a distance of almost 300 km
from 87.3° to 90°W. The spatial phase indicates a west-
ward translation of deep features (depicted by the long
arrow in Fig. 7h). The temporal phase is generally in-
creasing (Fig. 6h). Although the frequency is relatively
high (d¢,/dt is large), so is its wavenumber (—a60,/dx) in
the aforementioned region of significant spatial ampli-
tude. The first-mode baroclinic planetary wave speed
(westward, same as below) is ~BR2/2 ~ 0.5-1 km day !
for wavelengths of about 2R, ~ 100-150 km, assum-
ing a Rossby radius R, of about 20-30 km (Chelton et
al. 1998; Oey et al. 2005a). The actual eddy’s propaga-
tion phase speeds from Figs. 6h and 7h (or approxi-
mately from tracking actual features, e.g., Fig. 3, or
more exactly from reconstructed mode-3 maps, not
shown) are about 2-6 km day '. As noted previously,
since the deep features are vertically coherent from ap-
proximately 1000 m below the surface to near the bot-
tom, the effects of topography cannot be ignored and
the higher speeds are explained in terms of Rossby-
wave propagation on the topographic beta (8;) plane,
where B, = fIVAl/(hB) ~ 5. In contrast to the deep
features seen in CEOF mode 2, the CEOF mode 3
represents purely westward-propagating eddies that are
not necessarily in unison with the Loop Current expan-
sion or with migrating rings. This is evidenced by the
lack of energy at long periods ~200 days (Fig. 6i). In
other words, in CEOF mode 3, once the NCBC is
formed, it “escapes” westward. Examples are the cy-
clone labeled B in Fig. 5, as well as similar eddies (of
both signs) seen in Figs. 3a—f.

I will refer to these west-northwestward propagating
deep eddies as mode-B eddies or cyclones, in contrast
to the mode-A Loop Current frontal eddies, regardless
of whether they are CEOF modes 1, 2, or 3. An inter-
esting consequence of these mode-B eddies with an
along-isobath propagating component over the lower
continental slope is that they are efficient exciters of
onslope (i.e., north-northwestward) propagating TRWs
(see below). Figure 8 shows energy spectra at three
stations along a ray path suggested by the mode-3 phase
map (Figs. 7h,i): at a source location north of the west-
ward-propagating eddies over the lower continental
slope (right), at the Sigsbee Escarpment (left), and at a
location in between over the midslope (middle). These
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F1G. 8. Energy spectra at three indicated stations: (right) lower continental slope, (left) the Sigsbee Escarpment,
and (middle) over the midslope. For each location, spectra at three depths are plotted: (top) 200 m below the
surface, (middle) middepth, and (bottom) 200 m above the bottom. Both the west-east (u, dotted line) and
south-north (v, dashed line) components are plotted as well as their sum (solid line).

were computed based on 1993-95, 5-day-averaged re-
sults. For each location, spectra at three depths are
plotted at 200 m below the surface, at middepth, and at
200 m above the bottom. Both the west—east (u: dotted
line) and south-north (v dashed line) components are
plotted as well as their sum (solid line). Figure 8 shows
a number of notable features. First, energy near the
escarpment (Sigsbee: note change of the y scale in Fig.
8 for this location; left column) is, in general, smaller
than those over the middle and lower slopes at all three
depths. Second, near the surface, there is a broad spec-
tral peak centered near 200 days at all three locations,
indicative of strong influence from the Loop Current
vacillations as well as from rings. The strong Loop Cur-

rent and ring presence at Sigsbee has been observed
(Hamilton and Lugo-Fernandez 2001; Lai and Huang
2005; Hamilton 2007; Lin et al. 2007). The surface en-
ergy at the lower-slope location (Fig. 8, right column) is
slightly smaller than that at midslope (Fig. 8, middle
column) where there is additionally a much stronger
peak near 100 days. This is because the midslope posi-
tion is directly in the path of the Loop Current fluctua-
tions and ring shedding, whereas the lower-slope loca-
tion is sheltered at the southwestern corner of the Loop
Current path. Third, contrary to the surface spectra,
stronger middepth energy is seen at the lower slope
than at midslope, particularly at periods shorter than
about 50 days (Fig. 8, middle row). Thus, as seen in the
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CEOF’s spatial structures (Figs. 7a,d,g), deep energetic
eddies are developed (in the model) north of
Campeche Bank. Finally, energy intensification can be
seen from middepth to the bottom, especially at the
Sigsbee and midslope locations, for periods shorter
than 100 days (Fig. 8, lower-left four panels). At Sigs-
bee (Fig. 8, left column), energy intensification occurs
at periods shorter than 30 days, in agreement with
Hamilton’s (2007) observations. At the “source” loca-
tion over the lower slope, the spectra changes from
being broad at middepth to bottom intensified at se-
lected periods near 30 and 20 days (Fig. 8, right col-
umn’s second and third panels). Note also that the com-
ponent energies change from predominantly north/
south (v) near the surface to along isobaths (u for
Sigsbee and lower slope, and 45° to north at midslope)
near the bottom. These features are all characteristic of
TRWs (e.g., OL02).

c. Deep energy paths—TRW rays

There are, therefore, primarily three ways in which
TRWs found over the slope may be excited by deep
eddies to the south and east, represented by each of the
three CEOF modes detailed above. Of these, CEOF
mode 2 contains both free and forced responses (e.g.,
by the expansion of the Loop Current), and CEOF
modes 1 and 3 would represent primarily free TRWs. In
this section, these ideas are checked by independent
calculations by asking an inverse question: Given the
observed deep variability over the slope, where is (are)
the source(s)? Our task is greatly simplified by presum-
ing that the deep variability is predominantly caused by
TRWs (Hamilton 1990; OL02) so that the method of
ray or energy tracing utilizing the TRW-dispersion re-
lation can be used. (Details of the method and expla-
nations of rays are given in OL02; a brief description is
given in appendix A.)

In OL02, we focused on long-period (60~100 days)
TRWs along the 3000-m isobath (see also above discus-
sions in conjunction with CEOF mode 1). Here I will
focus on shorter periods <30 days, which are observed
near the Sigsbee Escarpment. For simplicity, a constant
Brunt-Viisild frequency N = 107% s™' is used and
there are no background mean currents. Rays are
traced backward starting from stations along the
2000-m isobath in the northern gulf, including the Sigs-
bee station (Fig. 9); hence, we may trace where the
energy originates. Basically, the ray equations allow
positive and negative delta time, positive for forward
tracing and negative for backward tracing. In forward
tracing, we guess at where the sources of TRW energy
are, then trace the rays to see where the energy propa-
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F1G. 9. TRW rays (thick blue) traced backward from the 2000-m
isobath with initial wavelength = 75 km (marked over the Sigsbee
station) and periods (a) 10 and (b) 20 days. Wave vectors with
length proportional to wavelengths are shown in red.

gates. However, in our case, it is easier to trace back-
ward because we have measurements that indicate
TRWs at Sigsbee and we want to know where the en-
ergy source is. Based on observed estimates (Hamilton
2007), an initial wavelength of 75 km and period 10
(Fig. 9a) and 20 days (Fig. 9b) are used.

A number of general inferences may be made from
Fig. 9. For short-period TRWs (Fig. 9a), rays tend to
terminate at locations not too far south and east from
the 2000-m isobath because of generally gentler topog-
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F1G. 10. The 10-30-day TRW rays (as indicated) that converge to Sigsbee (marked with a
plus sign) calculated by backward ray tracing. The rays are superimposed on a contour map
of maximum lagged correlation between the SSH anomaly and energy at z = —1500 m at
Sigsbee. The correlation analysis was done using a 10-yr time series, and correlation coeffi-
cients above 0.32 are significant (at the 99% significance level).

raphies there. Exceptions are stations in the west (93°—
94°W), where 10-day waves can be supported by a
steeper slope due to converging isobaths. Figure 9a sug-
gests that 10-day- (and shorter) period waves near Sigs-
bee most likely have their sources not too far to the
south, somewhere to the north of the 3000-m isobath.
This inference is consistent with Lai and Huang’s
(2005) findings of 10-13-day deep motions over the
Sigsbee moorings at two separate instances when rings
had just passed over. It is also consistent with Hamil-
ton’s (2007) observations (also at Sigsbee) of short-
period waves in September-December 1999, when the
Loop Current extended over the moorings and a pow-
erful ring had just separated. A model study of such
waves (near Sigsbee) would therefore have to be event
specific and will be reported separately. The important
conclusion here is that the energy source of these 10-
day waves is unlikely to be south of the 3000-m isobath
and east of approximately 89°W, where one normally
finds energetic fluctuations caused, either directly or
indirectly, by the Loop Current and shedding of rings.

In accordance with the findings of previous sections,
this work focuses on the 20-30-day TRWs excited by
remote sources. Figure 9b shows that along the 2000-m
isobath 20-day waves near Sigsbee and farther west
to approximately 91°W originate northwest of the
Campeche Bank between the 3000- and 3500-m iso-
baths. This is the location where we have previously
found a strong CEOF pole (Fig. 7). Thus, the ray analy-
sis supports previous inferences that deep eddies to the
south generate perturbations that propagate upslope as
TRWs.

OTHER RAYS AND CORRELATION ANALYSES

Figure 10 shows rays of 10-30-day periods that con-
verge at Sigsbee. The rays are superimposed on a con-
tour map of maximum lagged correlation C,; between
satellite-observed SSH anomalies (SSHAs) and deep
energy at z = —1500 m at Sigsbee; this map will be
discussed below. Both Figs. 9 and 10 indicate that the
topographic ridge represented by the 2500-m isobath
(around 26.5°N, 88.5°W) is effective in channeling
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short-period (<20 days) wave energy toward Sigsbee.
For short periods, the wavenumber vector makes a
larger angle 6 than for long-period waves. Physically, at
high frequencies, fluid parcels cross isobaths at larger
angles to experience more stretching and shrinking that
produce the TRWs. Thus, the backward rays tend to
bend southward or even westward. The rays are
“steered,” so to speak, to the western face of the ridge
as they are traced farther to the south where gentler
slopes further increase 6 until the waves can no longer
be supported. For longer-period waves, on the other
hand, fluid parcels cross isobaths at small angles. To
conserve energy even when the rays are over gentler
slopes in the south, the angles increase but remain rela-
tively small. The resulting rays tend to follow, there-
fore, along isobaths and are more able to negotiate
around the ridge and are directed toward the east (e.g.,
the 28- and 30-day rays in Fig. 10).

Sigsbee observations show that long-period waves,
20-30 days, tend to be more prominent during periods
of relatively quiescent upper motion over the mooring
(i.e., no rings and no Loop Current); this suggests that
the 20-30-day waves (during these periods) are re-
motely forced, in agreement with the ray paths de-
scribed above. While the TRWs are forced by deep
variability, that is, eddies, the latter are not readily ob-
servable. By contrast, comprehensive surface observa-
tions are easily obtained, say in terms of satellite-
observed SSH anomalies, and it is of interest to attempt
relating the SSHA with deep energy; it is, after all, the
Loop Current and rings that drive deep motions. The
maximum lagged correlation map shown in Fig. 10 was
computed using the 10-yr time series. Contours of lag
times are rather complicated (not shown); for regions
where C, = 0.5, the lags range from 10-40 days,
roughly consistent with the expected TRW group
speeds of around 5-10 km day~'. Two things may be
noted from Fig. 10. First, for the range of periods of
TRWs (wavelengths ~75 km) observed near the Sigs-
bee Escarpment, shorter-period (<22 days) waves are
all produced west of 87.8°W. In the model, these short-
period waves are triggered by predominantly westward-
propagating (deep) features, as detailed previously. For
longer periods, waves can be triggered by similar
mechanisms; in Fig. 10, these waves would originate
around 26.7°N, 88.5°W. However, the longer-period
waves may also originate farther east around the north-
ern edge of the Loop Current, where predominantly
eastward-propagating (deep) features exist. Second,
large C,; occur near the northern edge of the Loop
Current in the vicinity where we previously saw a
strong EOF mode 1 for the near-surface PV, (Fig. 2c).
Indeed, the large C, are predominantly due to corre-
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lations at long-time scales of about 180-200 days (not
shown), corresponding to the Loop Current vacillations
including shedding of rings. Thus, an expanding Loop
Current forces deep eddy motions (as explained previ-
ously in conjunction with the CEOF modes) including
propagating cyclones, which in turn trigger TRWs that
propagate upslope. This mechanism, though tortuous,
seems logical and trivial now that we have understood
the dominant modal responses and also the TRW en-
ergy paths. We can pose the question somewhat differ-
ently: whether near-surface energy at Sigsbee also cor-
relates with SSH anomalies in the Loop Current. When
we repeat the analysis (of Fig. 10), but use near-surface,
rather than deep, currents at Sigsbee to correlate with
the SSH anomalies, the resulting correlation is only sig-
nificant (and high, ~0.6) in the immediate neighbor-
hood of Sigsbee; the correlation becomes very weak
beyond a radius of about 100 km (not shown). In other
words (save occasional large northwestward excursions
that bring the Loop Current over Sigsbee, thus produc-
ing a localized response), the deep energy at Sigsbee is
not transmitted from the Loop Current’s energy
(SSHA) by way of the surface layers.

d. ldealized-model theory of excitations of TRWs
by propagating deep eddies

We have seen above that the leading modes of deep
response in the eastern gulf consist of the development
of deep NCBCs and their subsequent northwestward
and westward migration. Model results also suggest
that these deep eddies excite TRWs that radiate up-
slope. Pedlosky (1977) showed that, on a (planetary) 8
plane (in the absence of a mean flow), steadily west-
ward-propagating features produce meridional radia-
tion of energy. Pedlosky used a two-layer model with a
flat bottom, but his analysis holds with topographic
beta B, added to 3 for a linearly sloping bottom (within
the quasigeostrophic constraints). We describe in ap-
pendix B a simple (and different) way to arrive at Ped-
losky’s conclusion, which is valid for continuous strati-
fication in the case of bottom-trapped TRWs (Figs. 11
and 12).8

In the idealization of Fig. 11, eddies act as sinusoidal
features translating in unison along isobaths with a ve-
locity ¢ (shown <0 in Fig. 11). Because of the nearly
west-northwestward orientation of the isobaths north
and west of Campeche Bank, one imagines that the
(northern edges of) eddies serve as the sinusoidal forc-

8 The descriptions given herein are analogous to internal gravity
waves excited by wind flow over undulating hills (Bretherton
1969; Bell 1975; see also Gill 1982).
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Fi1G. 11. (top) Sketch showing the idealized model channel with
northward-shoaling depths; this is used to analyze meridional
TRW radiation by a feature (shown here as a sinusoidal meander)
moving zonally (parallel to the isobaths) to the south. (bottom)
Sketches of the radiation (thick solid) and trapped (dashed) so-
lutions.

ing of the “southern boundary” (e.g., along a west-
northwest line originating at 25.5°N, 88°W) of Fig. 11.
Figure 12 then plots the y wavenumber squared, /2, in-
dicating evanescent (negative /*) and propagating (posi-
tive %) wave regions of the kc plane, where k is the x
wavenumber. Taking, say, ¢ ~ —0.05 ms~' (-5 km
day™ "), Fig. 12 gives 2m/(—k) = 100 km for radiating
solutions; shorter waves are trapped. This critical,
lower-limit wavelength, about 100 km, is clearly satis-
fied by the westward-propagating NCBCs (the CEOF
mode 3, e.g., has 2m/(—k) of 100-150 km). Note also
that the resulting (k, /) values give 27/IKl ~ 150-200
km, consistent with the TRW wavelengths calculated
from ray tracing (Fig. 9). Excitations of TRWs by west-
northwestward propagating cyclones north of the
Campeche Bank are therefore plausible mechanisms
that radiate deep energy onto the northern Gulf slope.

While linear, steadily eastward-propagating distur-
bances (on a B plane and again in the absence of a mean
flow) cannot radiate energy, Malanotte-Rizzoli et al.
(1995) show that transient Rossby waves are excited by
growing or decaying (i.e., unsteady) disturbances. For
nonzonal isobaths, these authors show that eastward-
propagating disturbances can also excite TRWs if the
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FIG. 12. The y wavenumber squared, /> (contours: 107 m~?) as
a function of the (negative) wavenumber (—k) and westward
phase speed (¢ < 0) of the propagating sinusoidal feature at the
south (the forcing), for h, = =4 X 107>, N =107s" !, and H =
3000 m that correspond to values applicable approximately to the
gulf regions north of Campeche Bank (see the text). Thick solid
line denotes the » = 0 curve for N = 107 s™!, and for compari-
son, the zero line for N = 2 X 107* s~ ! is also shown. For small
lcl < ~0.02 ms™!, the % > 0 indicates radiation waves for all but
the shortest of forcing waves (Ikl > 1). For forcing that moves
very fast (Icl > 1), all but the longest wavelength (k =~ 0) distur-
bances are trapped (/? < 0) near the southern boundary (y = 0).
The c and k of the simulated Campeche Bank cyclones fall in the
range indicated by the gray cross centered near ¢ = —0.04 ms™!
and 2m/k = 125 km.

orientation of the isobaths is such that the waves have
eastward-component phase speeds; that is, both k and
¢ > 0 and Fig. 12 is valid with signs of k£ and ¢ reversed.
This possibility was suggested by OL02 and Hamilton
(2007), apparently adopting Pickart’s (1995) conclu-
sions that Malanotte-Rizzoli et al.’s (1995) results apply
to the generation of TRWs by Gulf Stream meanders
off Cape Hatteras. Both of these situations (time de-
pendency and eastward-TRW phase speed) are likely
satisfied for disturbances propagating northeastward
pass the CEOF mode-1 pole near 26°N, 88°W (i.e.,
OL02’s trigger point), around the northern edge of the
Loop Current. Such disturbances were noted previ-
ously when discussing CEOF mode 1, as well as in Fig.
3, though they are less dominant than the westward-
propagating features; the orientation of the local iso-
baths (being from southwest to east-northeast) does al-
low positive k. However, only longer-period waves may
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FIG. 13. Ten-year ensemble-averaged baroclinic conversion (bc, m? s~%) term, —[(g%/p3N?)(u'p dp/

dx + v'p'dp/dy)] (multiplied by the indicated factors for different depths), at (a) z = —250, (b) =750,
(c) —1000, and (d) —1500 m. Thick gray contour shows SSH = 0.15 m, indicating the 10-yr mean
position of the outer edge of the Loop Current. Thin contours show isobaths: 200, 2000, 3000, and

3500 m.

be excited (>20 days; Fig. 9). I now adopt the simpler
view that, in the Gulf of Mexico, westward (northwest-
ward) propagating deep features dominate and the
TRWs observed at Sigsbee are mostly caused by up-
slope radiation from these features.

e. Flow instability

We previously suggested that flow instability north of
Campeche Bank is responsible for the development of
deep eddies, which in turn trigger onslope propagation
of TRWs. I am unable to show this exactly for the
(nonidealized) simulated fields in a complicated do-
main such as that of the Gulf of Mexico. Instead, I
examine terms describing the various forms of instabil-
ity in Eq. (C1) for eddy energetics and hypothesize that
preferred sites exist where a particular term(s) domi-
nates; fortunately, this supposition turns out to be cor-

rect. To seek for sites of persistent instability, each term
of (C1) is computed using an n-day mean, and this is
done for all N/n samples spanning N years, where n =
60 and N = 10 (see appendix C); all samples are then
ensemble averaged.” It turns out that of the four source/
sink terms on the rhs of (C1) or (C2)—namely, the
barotropic and baroclinic (BC) conversion terms, the
Kelvin-Helmholtz instability term, and the pressure
work term—the BC term dominates, by almost an or-
der of magnitude; other diagnostic calculations also
suggest a baroclinically unstable system. Figure 13
shows the 10-yr ensemble-averaged baroclinic conver-
sion term in the eastern Gulf of Mexico; for reference,

° Ideally, one would do this from experiments with different
forcing or even using different models. This has not been done
here.
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the mean position of the Loop Current is also indicated
by the SSH = 0.15-m contour. Near the surface (z =
—250 m; Fig. 13a), two sites of dominant instability
(positive; shown in red) are seen: one north of
Campeche Bank as the Loop Current flows over the
deeper regions of the Gulf, and the other located off the
west Florida slope prior to the Loop Current’s cyclonic
turn into the Straits of Florida. The two sites have ap-
proximately equal values. At the Campache site, the
second term of BC in Eq. (C1) can be shown to be
stabilizing because of the contribution from a para-
bathic (i.e., westward) mean flow over a very steep
south—north slope across Campache Bank. But the first
term of BC dominates over and also off the Campache
Bank. The result is a negative BC over a small strip of
the north Campeche slope, flanked by large regions of
positive values north and south (Fig. 13a). Near the
base of the Loop Current, at z = —750 and 1000 m
(Figs. 13b,c), there is also a dominant instability off
Campeche Bank, stretching from east and northeast of
the bank to the north, as well as spreading under the
Loop Current around 24.8°N, 86°W. However, over the
very steep slope of west Florida (as indicated by the
2000- and 3000-m isobaths) the instability is very weak.
In other words, a deep instability mode exists north of
Campeche Bank, while over the steep slope of west
Florida, the mode appears to be confined near the sur-
face. In deep levels (z = —1500 m, Fig. 13d, and also
deeper, not shown), the BC is again significant at both
sites, but the Campeche instability occurs farther up-
stream at the northeastern Campeche Bank. At west
Florida, significant BC is over the gentler lower slope.
Significant BC values are also seen at z = —1500 m.
These different characteristics between surface and
abyssal depths indicate different instability physics at
the two sites. In a two-layer (baroclinic) model, Ikeda
(1983) and Mysak (1977) showed that a sufficiently
steep positive slope always stabilizes the current, but
even a weak stratification between the second and a
third additional (bottommost) layer can significantly al-
ter the nature of instability. Here, a positive (negative)
slope is when the isopycnal slopes are in the same (op-
posite) direction as the topography; thus, the slope is
positive for the Loop Current along the western bound-
ary of the Yucatan Channel or along the west Florida
slope. In the latter, positive strong slopes can trigger a
surface-intensified instability consistent with Figs.
13a—c discussed above, while weak slopes trigger deep
modes (Fig. 13d). Importantly, in the three-layer
model, a deep instability mode exists for flat-bottom
and/or negative slopes. At latitudes of 23.5°-25°N, the
north-northwestward-flowing Loop Current ap-
proaches 87.8°W, where the Campeche Bank topogra-
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phy forms a rounded cusp: the topography flattens, and
then deepens to the west, thus constituting a negative
slope. The different characteristics of the baroclinic
conversion term between the north Campeche Bank
and the west Florida slope, seen above from Fig. 13, are
consistent with Ikeda’s idealized model results. More-
over, in our model, because of the strong stretching of
isopycnals as the Loop Current crosses over the
Campeche Bank into deeper waters to the north, cy-
clones are produced.

Besides the Campeche Bank and the west Florida
slope, Fig. 13 also shows other (weaker) instability sites:
around the northern edge of the Loop Current along
which frontal eddies propagate and also west of the
Loop Current (89°-91°W)—a region dominated by the
formation and passage of rings.

4. Summary

The findings of this work are as follows:

1) A preferred site for cyclogeneses in the (model)
Gulf of Mexico is north of Campeche Bank, around
23.5°-25°N, 87°-88°W. Deep instability is most
likely produced because of the negative slope at the
topographic “cusp” of the Campeche Bank. The in-
stability also occurs upstream of this site, especially
in the deep levels in the vicinity of a “kink” in to-
pography around 23.2°N, 86°W (Fig. 13b).

2) Another site of instability is off the west Florida
slope. But, in contrast to the NCBCs (finding 1), the
instability is confined near the surface and in the
deepest layers (>1500 m).

3) Together, these two instabilities (findings 1 and 2)
make up the Campeche Bank—west Florida tripole,
the dominant deep mode that leads (in phase) the
Loop Current’s retraction—expansion cycle that
sometimes results in the separation of a ring.

4) Once produced, the NCBCs develop either as
mode-A or mode-B eddies or cyclones. Mode-A cy-
clones evolve into frontal eddies that propagate
around the Loop Current and contribute to the west
Florida pole (finding 3); they have been the focus of
many studies (for a clear satellite image, see plate 1
in Oey et al. 2005a, where extensive references are
also given). Mode-B eddies consist generally of cy-
clones that are “shed” west-northwestward either
freely propagating or accompanying the expanding
Loop Current or a migrating ring (e.g., Fig. 5).

5) TRWs observed over the northern slope (e.g., near
Sigsbee) with periods shorter than about 20 days
originate from the cyclogenesis site (finding 1) as
well as from the west-northwestward propagating
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mode-B cyclones. For longer periods, the deep en-
ergy may also additionally originate from mode-A
cyclones. The transfer of energy from cyclones to
TRWs may be explained by a simple mechanism of
linear wave and eddy coupling, analogous to excita-
tion of internal gravity waves by flows over an un-
dulating topography; other, more complicated, cou-
pling mechanisms may also be possible, but it is not
necessary to invoke them.

6) A deep ridge over the lower slope in the eastern
gulf, around 26.5°N, 88.5°W is effective in channel-
ing TRW energy onto the northern slope.

7) The origin of very-short-period TRWs (~10 days or
less) over the northern gulf slope near the Sigsbee
escarpment is likely to be only some short distance
to the south, about 100 km or less from the 2000-m
isobath. Similar to the 20-day TRWs, ray paths for
the 10-day waves tend to be also across isobaths.
Therefore, these TRWs are most likely locally ex-
cited by features that have intruded upslope and
that most likely have “tagged along with” the Loop
Current or a ring.

This paper does not address the dynamics of local-
ized forcing of finding 7. As mentioned previously, to
understand the observations, one would design quite a
different model experiment that is event specific. On-
going work for such a study will be reported separately.
The results thus far suggest that the observed energy
drop across the Sigsbee escarpment is caused by two
factors: First, since vertically coherent, deep cyclones
are predominantly spawned farther south in deeper wa-
ters, they do not readily cross the steep escarpment
“wall” (Figs. 3 and 5). Second, TRWs tend to reflect
and refract (Hamilton 2007) near the escarpment. This
can be noted, for example, in the east to west change in
the mode-3 phase near the Sigsbee station (Fig. 7h).

Can mode-B cyclones be observed? I suspect that
they can be, though perhaps not easily: unlike the fron-
tal eddies around the Loop Current’s northern edge,
the mode-B cyclones tend to be deep and, moreover,
are “buried” under the direct paths of rings and some-
times also under the expanding Loop Current; in addi-
tion, their signals are therefore often obscured espe-
cially from surface observations. Nonetheless, some ex-
amples are seen in satellite-derived SSH, especially
when the Loop Current is expanding (Fig. 14). The only
caveat is that because of their small scales, the cyclones
can barely be resolved in a satellite map such as that
shown in Fig. 14. A preliminary analysis of the afore-
mentioned mooring at 25.5°N, 87°W indicates energetic
passages of eddylike features at deep levels (2000-3000
m; cf. Fig. 5); which is encouraging.

OEY

May/03/2006
30 aviso

Fic. 14. Satellite-derived SSH on 3 May 2006 from AVISO
(http://www.jason.oceanobs.com/html/donnees/welcome_uk.
html). Positive (negative) is solid (dashed), contour interval = 0.1
m, and the zero contour is omitted. This shows an expanding Loop
Current and the possible development of the north Campeche
Bank cyclone around 25°N, 88°W as indicated. Note the SSH low,
which is almost always seen (in satellite SSH) over the Campeche
shelf off the western slope of the Yucatan Channel. This shelf
“low” is not to be confused with the NCBC discussed in the text.

Nearer the surface, cyclones have been observed
from hydrographic measurements (Hamilton 1992;
Hamilton et al. 2002). In the model, the NCBCs
(mode-B cyclones) migrate west-northwestward, as
most cyclones tend to do in the absence of significant
interaction with other eddies because of the so-called
B-dispersion effects (Smith and O’Brien 1983). They
can, therefore, make up a significant portion of the cy-
clones observed farther west in the Gulf (in addition to
those possibly produced locally off the edge of rings).
During its (westward) course, the cyclone most likely
will lose its deep signatures (e.g., by TRW dispersion)
and evolve into an upper-layer feature (Grimshaw et al.
1994; LaCasce 1998). These are interesting as well as
important problems as they pertain to the relevant
question of how the Loop Current and rings dissipate
their energy, which in turn can affect the overall circu-
lation of the Gulf.

Finally, this paper relies on models to infer deep pro-
cesses in the Gulf of Mexico. Though some of the re-
sults are consistent with observations and previous
models (e.g., TRWSs), others are predictive in nature
(e.g., north Campeche Bank instability, westward deep
eddies, etc.) and should be independently confirmed:
models are never perfect and have biases. One way to
reduce model biases and uncertainties is to conduct en-
semble experiments, preferably also with different
models and physics. Ultimately, however, field studies
such as those now being conducted by the Mexican
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scientists and those being planned by the Minerals
Management Service in the vicinity of the Loop Cur-
rent and deep layers are needed to check the model
predictions (A. Lugo-Fernandez 2007, personal com-
munication).
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APPENDIX A

Brief Explanations of TRW Rays

TRW energy propagates along ray paths, the direc-
tion and (group) speed of which depend on the particu-
lar wavelength and period as well as on environmental
parameters, such as the water depths (4), depth gradi-
ents (Vh), Brunt-Viisiléd frequency (N), and even the
background currents and their shears. A tacit assump-
tion is that these parameters are slowly varying. In the
case of no currents, the TRW frequency o (or period) is
constant along the ray. The following two formulas are
useful for interpreting rays (OL02; assuming a constant
N, no currents, wavelengths <200 km in waters with
depths that are not too shallow, 2 = 2000 m), the first
one for o and the second for the group velocity C,:

o ~ N|Vh| sin(6) (Ala)

C, X K~ N|Vh| cos(0). (Al1b)

Here K is the wavenumber vector and 6 is the clockwise
angle K makes with V# (see Fig. Al). Eq. (A1b) implies
that C, and K are perpendicular to each other [OL02,
their Eq. (2)]; it also says that if K points downslope,
then C, points upslope, and vice versa. Since o = const
along a ray, (Ala) says that VAl and sinf are inversely
related. Thus, a ray (in the direction of C,) tends to be
more aligned with an isobath (i.e., 6 decreases) as it
encounters steepened topography. Roughly speaking
[see Eq. (Ala)], short-period waves tend to have large
0, hence rays that tend to cross isobaths. Also, since
sinf= 1, there is a maximum rapidity with which a
TRW can vibrate, given by o = NIVAl. Therefore, a ray
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FiG. Al. Sketch describing the relation between topography #,
its gradient Vi, TRW wavenumber vector K, and group velocity
C,: 0is the clockwise angle that the K vector makes with Vh. From
Oey and Lee (2002).

of a given period terminates when it traverses over too
gentle a topography. Another thing about (Ala) is that
it is identical to the dispersion relation for internal grav-
ity waves in a vertical plane (i.e., 2D; VA points in the
direction of gravity, albeit one-sided, to the left of ver-
tical), an analogy that I have found useful (see text)
when analyzing TRWSs produced by propagating ed-
dies.

APPENDIX B

Excitations of TRWs by Propagating Eddies

We derive here the conditions and parameters ap-
propriate for the excitations of TRWs by propagating
deep eddies. Consider a stratified fluid in an x-periodic
semi-infinite (y > 0) “channel” with depth A(y) that
varies (slowly) in the y direction (Fig. 11). Along the
channel’s southern boundary (y = 0), a sinusoidal fea-
ture (idealization of an eddy) with a wavelength 2m/k
propagates in the zonal (x) direction at a constant speed
¢, which can be positive (eastward) or negative (Fig. 12,
with ¢ < 0). The fluid satisfies the quasigeostrophic
equation (usual notations, Pedlosky 1979) on an f
plane:

[V’p + (fINYp:) =0, (B1)

with boundary conditions at the top and bottom:
p.=0, z=0 (B2a)
(fIN)p.. = p.hy, z=—h. (B2b)
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Fluid at the south follows the undulations of the moving
feature, idealized to be an inviscid boundary with the
corresponding pressure (streamfunction) given by

P = po(2) explik(x —cn)], y =0, (B3)

where p,(z) is yet to be determined. For constant N,
Eq. (B3) suggests the following solution:

p = p(z) explilkx + ly — kct)]. (B4)

Substituting (B4) into (B1) and using (B2) (as in the
usual derivation of TRW dispersion) gives the eigen-
function p,(z) and the following condition that relates

the admissible / to other parameters, c in particular:
tanhw = S/u, (BS)

where

S = (N*H/f)K|IVh| siné/(ck) (B6a)

or, for the case of Fig. 11 when Vi = jh, (j the y-
direction unit vector),

S = (N°H/f)hy/c. (B6b)

Here p = (NH/f)(K* + [*)V? and H ~ h is a depth scale
in the slowly varying approximation assumed here.

dll — —
A 12 12
dt|:2(u + ')

where the overbar denotes time averaging over an n-
day period, primes denote deviations from this average,
and other symbols and notations are standard. Here n
should be sufficiently long to cover the expected peri-
ods of instability growths, yet not so long that slow
variations of the flow fields will be lumped as “insta-
bility.” Yin and Oey (2007) seeded random initial per-
turbations into their model and found that in the vicin-
ity of the Loop Current, the perturbation growth rates
are approximately 0.04-0.08 day ™!, and the perturba-
tion patterns reach a matured state consisting of cy-
clones and anticyclones in 6~8 weeks. I have therefore
chosen n to be 60 (days). To seek for sites of persistent
instability, all samples from the n-day averages span-
ning N years, where in our case N = 10, are ensemble
averaged. The resulting instability patterns (shown in
Fig. 12) are robust and relatively insensitive to n ~
60 * 30 (days) and N =< 3 (yr). Equation (C1) may be
written symbolically as
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Equation (BS) has real solutions for w (therefore, for
some k the [? > 0, indicating radiating solution; see
below) only when S > 0. From (B6a), this requires that
ck > 0 since the other terms are all positive. Or, for
purely zonal isobaths (Fig. 11), (B6b) requires that ¢ <
0 (cf. Pedlosky 1977). Figure 12 shows [* contours as a
function of —k and ¢ (<0) for the h, (=—4 X 1077) and
H (3000 m) that correspond to the lower portion of the
continental slope of the northern Gulf of Mexico (ap-
proximately 25.5°-26.5°N, 88°-90°W), where we have
previously identified westward-propagating eddies (see
Figs. 3, 5, 7). A value of N = 107% s™! (from model;
OL02; Hamilton 2007) is used, but the zero curve for a
smaller N =2 X 10~*s™! (e.g., Reid and Wang 2004) is
also shown for comparison. (See the main text for fur-
ther discussions.)

APPENDIX C

Eddy Energetics for Instability Analysis

Terms in the following equation (Orlanski and Cox
1973) are calculated to estimate the contributions to
flow instability produced by the Loop Current and
rings, as discussed in the main text:

ou —adv ou

g p v
+ ——] ==V -(v'p'/py) — <u'2— +vP =+ uv —+u' —)
P

dax ay ay ax

(CD

d -
— (EKE + PEP) = =V (V)p'/p,) + BT + BC + KH.
(C2)

Here EKE is the kinetic energy of the perturbation
(often referred to as the eddy kinetic energy) and PEP
is the potential energy of the perturbation; BT is the
barotropic conversion term that, if positive, drains en-
ergy from the mean horizontal shears to the eddy field-
the; BC is the baroclinic conversion term, which, if posi-
tive, drains energy from the mean available potential
energy field (i.e., horizontal density gradients) to the
eddy field; KH is the Kelvin—-Helmholtz instability
term, which depends on the mean vertical shears and
Reynolds stresses in the vertical plane. Thus, both the
BT and KH can release (if positive) the mean kinetic
energy, while BC (if positive) can release the mean
potential energy. The divergence (i.e., pressure work)
term on the rhs of Eq. (C2) or (C1) redistributes energy
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and vanishes if integrated over a closed domain. There
is also an exchange term, PKC, that appears with op-
posite sign on the rhs of the separate equation for EKE
and PEP:

PKC = — pﬁ(ﬁ). (C3)

o

A positive PKC drains energy from PEP into EKE, and
vice versa, for a negative PKC. When Eq. (C2) is inte-
grated over the volume of the gulf bounded by the
Yucatan Channel and the Straits of Florida, it turns out
that of the four terms on the rhs of (C2), the baroclinic
conversion term BC dominates, by almost an order of
magnitude. There is a net transfer of energy from PEP
to EKE, that is, (PKC) is positive, and a weak transfer
of EKE back to the mean flow, which is also suggestive
of a system dominated by baroclinic instability. The
instability predominantly occurs in the eastern Gulf of
Mexico, especially during periods when the Loop Cur-
rent sheds rings; it also occurs around the edges of
rings.
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